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The proton nuclear spin-lattice relaxation rate l/Ti has been measured as a function of temperature 
and magnetic field (up to 15 T) in the molecular magnetic ring Feio(OCH3)2o(02 CCH2Cl)io (FelO). 
Striking enhancement of 1/Ti is observed around magnetic field values corresponding to a crossing 
between the ground state and the excited states of the molecule. We propose that this is due to a 
cross-relaxation effect between the nuclear Zeeman reservoir and the reservoir of the Zeeman levels 
of the molecule. This effect provides a powerful tool to investigate quantum dynamical phenomena 
at level crossing. 



PACS numbers; 76.60.-k, 75.50.Xx 

The magnetic properties of metal ion clusters incor- 
porated in large molecules attract considerable interest 
for the new physics involved and for the potential appli- 
cations At low temperatures, these molecules act 
as individual quantum nanomagnets, enabling to probe, 
at the macroscopic scale, the crossover between quantum 
and classical physics Of fundamental interest is the 
situation of (near-) degeneracy of two magnetic levels, 
where quantum mechanical phenomena such as tunneling 
or coherence can occur. These effects have been inten- 
sively explored in the recent years, mostly in the high- 
spin (S'=10) molecules Mnl2 and Fe8 Q, or in the ferritin 
protein Another interesting system is the molecule 
[Feio(OCH3)2o(02CCH2Cl)io] (in short FelO), where the 
ten Fe'^"'" ions {s—5/2) are coupled in a ring configuration 
by an antiferromagnetic (AF) exchange J/Zcs ~13.8 K 
||,||. UnUke Mnl2 or Fe8, the ground state of FelO is 
nonmagnetic (total spin S'=0). The energies E of the 
excited states are given approximately by Lande's rule: 

EiS)^^S{S + l) (1) 

where S is the total spin value and P=AJ /N , with A^=10 
the number of magnetic ions in the ring. In zero mag- 
netic field, the first excited state is S=\, the second 5=2, 
etc. (see Fig 1.). This picture is modified by an external 
magnetic field, which lifts the degeneracy of the magnetic 
states. A sufficiently strong field can induce level cross- 
ings between the ground state and the excited states, as 
shown in Fig. 1. In other words, the ground state of 
the molecule can be changed by the field, from 5=0 to 
5=1, then from 5=1 to 5=2, etc. Owing to the rel- 
atively low value of the magnetic exchange coupling in 
FelO, this field-induced transitions can be observed ex- 
perimentally in conventional magnetic fields, for instance 
through steps of the magnetization |^,||. 

The situation of degeneracy between levels raises fun- 



damental problems of quantum dynamics ||9|,|l0|] (specific 
calculations for FelO can be found in [|ll|). A crucial is- 
sue is the role played by the coupling between magnetic 
molecular levels and the environment such as phonons 
and/or nuclear spins Clearly, essential information on 
this problem should be accessed through measurements 
of the nuclear spin-lattice relaxation rate l/Ti since the 
nuclei (here protons) probe the fluctuations of the local 
field induced at the nuclear site by the localized magnetic 
moments. 

The physics of level crossings is almost not documented 
experimentally, due to the rarity of systems in which the 
observation is possible. A situation which has some anal- 
ogy with the one reported here is the crossover from 
antiferromagnetic to ferromagnetic phase in ID chains, 
where a divergence of the one-magnon density of states 
generates an enhancement in the nuclear spin-lattice re- 
laxation rate [Q. A closer situation of level crossing 
between singlet and triplet states can be observed in ID 
gapped quantum magnets |l3| , but the physical context 
and the continuum of excited states makes the situation 
certainly not comparable to that in finite-size magnets. 
In this respect, the mesoscopic ring FelO constitutes a 
model system since magnetic levels are sharp and well- 
defined in energy, due to the finite size of the system. 

Previous NMR relaxation measurements in FelO 
have concerned magnetic fields much lower than the ex- 
pected energy gap £'(l)'-6 K (Eqn. 1) ||l|,|l||. 

Here, we present new proton Ti measurements in FelO, 
as a function of magnetic field up to 15 Tesla, and in the 
temperature range 1.3 K<r<4.2 K. Our main result is 
the observation of a dramatic enhancement of 1/Ti when 
the magnetic field reaches the critical values for which the 
magnetic levels become degenerate (level-crossing) [ p^ . 
Although broadening effects due to the use of a powder 
sample prevent yet a quantitative interpretation of the 
data, it is pointed out that the cross-relaxation effect be- 
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tween (proton) nuclear and molecular levels, discovered 
here, should provide a powerful method to investigate 
the physics of level-crossing if large enough single crys- 
tals become available. 

The powder samples were synthesized as described 
elsewhere High-field {H>8 T) NMR measurements 
were performed at the Grenoble High Magnetic Field 
Laboratory in a 17 T variable field superconducting mag- 
net. All measurements where performed with home-built 
pulsed NMR spectrometers. 
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FIG. 1. Energy levels vs. magnetic field for the lower four 
manifolds (S=0 to S=3) in FelO. The zero-field splitting due 
to magnetic anisotropy is included only for the levels relevant 
to level crossing effects. Dashed lines are energy levels for 
61=90° (5=1 case). All the other energy levels are for 61=0°. 
Note that the labels of magnetic levels refer to the full lines 
only. LCI, LC2 and LC3 refer to the three level-crossings 
evidenced in this work through proton spin-lattice relaxation. 



The proton NMR spectrum is featureless, except for 
an asymmetry related to the orientation distribution of 
the grains and to the superposition of resonaces from in- 
equivalent proton sites in each molecule. The width of 
the spectrum is both temperature and field dependent 
due to an inhomogeneous component, i.e. a distribution 
of hyperfine (dipolar) fields from Fe moments iQ. At 
low field (i?=0.33 T), the full width at half maximum 



(FWHM) is about 25 kHz at room temperature, it in- 
creases to a maximum of about 70 kHz at about 30 K 
and it decreases again at low temperature refiecting the 
collapse of the spin suceptibility when the FelO molec- 
ular states condense into the S=0 ground state. In the 
temperature range investigated here (1.3 K-4.2 K), there 
is a residual field-dependent inhomogeneous broadening 
of the proton NMR line, which is due to the Fe moments 
in the S'=l excited state. At 1.3 K the FWHM varies 
from 25 kHz at i?=0.33 T to 1.8 MHz at 14.65 T. 

Ti was extracted from the recovery of the spin-echo 
amplitude following a sequence of saturating radiofre- 
quency pulses. Both (f )^-(f (solid echo) and (f )^- 
(7r)j^ (Hahn echo) sequences were used with similar re- 
sults. The recovery of the nuclear magnetization was 
found to be non-exponential at all fields. For low fields 
(iJ<l T), the NMR line is sufficiently narrow to be com- 
pletely saturated by the radio frequency pulses. In this 
case, the non-exponential recovery is solely related to the 
distribution of relaxation rates, due to the superposition 
of inequivalent proton sites, and to the orientation dis- 
tribution in the powder. At higher fields, the line be- 
comes too broad to be completely saturated and thus the 
initial recovery is affected by spectral diffusion effects. 
Therefore, in order to measure a relaxation parameter 
consistently we chose to define Ti as the time at which 
the nuclear magnetization has recovered half of the equi- 
librium value, after removal of the initial fast recovery 
due to spectral diffusion. This criterion is insensitive to 
the spectral diffusion, the strength of which depends on 
hardly controllable experimental parameters. The crite- 
rion also makes the Ti value insensitive to slight modifi- 
cations of the recovery law that were sometimes observed 
for the very long time delays. Otherwise, the shape of the 
recovery law was found to be field and T-independent. Ti 
was also checked to be the same at different positions on 
the line. 

The magnetic field dependence of proton 1/Ti is re- 
ported in Fig. 2. For technical reasons, experiments be- 
tween 8 and 15 Tesla were performed at r=1.3 K, while 
those at lower fields were at r= 1.5- 1.7 K. The differ- 
ence is minor and, as will be seen later, Ti is basically 
T-independent in most of the field range. So, Fig. 2 can 
be regarded as the field dependence of Ti at fixed tem- 
perature. l/7i shows three very well-defined peaks cen- 
tered around the critical field values: 4.7 T, 9.6 T and 
14 T. These values correspond very closely to the fields 
for which steps were observed in the magnetization . 

At low fields {H<1.5 T), the T-dependence of l/Ti is 
almost exponential (Fig. 3). This implies that the proton 
relaxation is dominated by the singlet-triplet gap and the 
finite lifetime of the S=l excited state which generates 
fluctuations in the local hyperfine field at the proton site 
||I3|,^. The exponential T-dependence is a consequence 
of the Boltzmann distribution of the S—l population. 
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However, as shown in Fig. 3, 1/Ti at higher magnetic 
field appears to be temperature independent both at level 
crossings (4.7 and 9.61 T) and in-between them (7.96 T). 
Thus, the strong enhancement around level crossing re- 
quires a new description of the nuclear relaxation, which 
cannot be based on thermal excitations. 
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FIG. 2. Magnetic field dependence of proton 1/Ti 
1.3-1.7 K. The line is a theoretical fit according to Eqn. 
with choice of parameters discussed in the text. 
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the peaks in 1/Ti vs. magnetic field are the result of a 
cross-relaxation effect between the nuclear Zeeman levels 
and the magnetic molecular levels. In fact, since the mag- 
netic molecules are strongly coupled to the " lattice" , the 
cross- relaxation becomes a very effective channel for spin- 
lattice relaxation. It is emphasized that cross-relaxation, 
here in the sense of matching of energy levels, is observed 
between two nuclear reservoirs or between two elec- 
tron reservoirs [|l9| . Strictly speaking the cross-relaxation 
occurs only when the condition hu!n—h'jnH~gfiB\H—Hc\ 
is met. However, the broadening of both the NMR line 
and of the molecular energy levels can allow the energy 
conserving condition to be met over a wide field inter- 
val. Furthermore, broadening effects are expected for a 
powder sample. 

In order to analyze the data quantitatively, it is nec- 
essary to have a precise description of the magnetic level 
diagram for FclO. For the triplet state, the energy levels 
are obtained from the diagonalization of the Hamiltonian: 



n = S D S + gfiBB ■ S + P, 
which yields secular equation for energy E: 

{P - Idi - E){P + \di - Ef 



(2) 
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FIG. 3. Main panel: Proton 1/Ti vs. inverse temperature; 
activated behaviour at low fields : 0.33 T and 1.43 T, and 
constant at 4.7 T, 7.96 T and 9.61 T. Inset: activated be- 
haviour of 1/Ti in hnear scales; 0.33 T (A), 0.75 T (o) and 
1.43 T (V). 



Near the critical field for level-crossing, the coupled 
system nuclei plus molecular magnetic moments can un- 
dergo flip-fiop energy conserving transitions, resulting in 
a transfer of energy from the nuclear system to the molec- 
ular magnet which depends on the matching of energy 
levels and not on temperature. Thus, we propose that 



-{P--Di-E)g^filB^ cosH 

[P + -Di - E)g^n%B^ sin^ 6* = 0, 
3 



(3) 



where we have assumed a diagonal, traceless, axial tensor 
for the zero-field splitting (-1/3131, -l/3i:»i , 2/iDi). The 
axis perpendicular to the FelO ring plane is a hard axis, 
i.e. Di>0. The values P=6.5 K and L»i=3.23 K are ob- 
tained from recent torque magnetometry measurements 
As shown in Fig. 1, the critical field He for the first 
level-crossing depends on the angle 9 between the crystal 
field axis and the magnetic field: He varies from 4.33 T 
for 0=90° up to 5.6 T for 9=0° §. This imphes a powder 
distribution of relaxation rates which should contribute 
to the width of the first peak at 4.7 Tesla. The calcu- 
lation of the level distribution for S'>2 is more complex, 
making a quantitative analysis of the second and third 
crossings beyond the scope of the present paper. 

It is very interesting to point out the differences be- 
tween the three peaks in 1/Ti. At the first level cross- 
ing {Hc=4:.7 T), there is a very steep increase of l/Ti 
occuring in an extremely narrow field interval (about 
0.1 Tesla). This is very suggestive of a resonant pro- 
cess in the relaxation. The two other peak have a more 
regular shape but the third peak is smaller than the sec- 
ond one. Of course, we speculate that these differences 
are related to the different spin values involved in each 
level-crossing. In particular, the first crossing involves 
the non-magnetic level S=0. 
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We tentatively describe the results in Fig. 2 as a sum 
of Lorenzian functions of width Fq with a=l,2,3 for the 
three level-crossing conditions: 
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Ti + {jr.H-y^^B\H-H,\y 



(4) 



This expression fits the data reasonably well with 
choice of parameters: Ai~0.3A2~0.5A3=47rl0^^ rad s~^ 
(=0.36 T) and ri~0.5F2~0.5F3=27rl0i*' rad s^^, and 
critical fields Hci=4:.7 T, iJc2=9.6 T, iJc3=14.0 T. The 
physical meaning of the coupling constant Aa is not clear 
without a quantitative theory for the cross-relaxation ef- 
fect. The width of each peak is most likely related to the 
distribution of level crossing fields due to the distribution 
of angles between the magnetic field and the crystalline 
axis in our powder sample. Thermal broadening is also 
expected since 1.3 K is equivalent to '--^1 T. 

In summary we have presented an investigation of the 
proton spin-lattice relaxation rate l/Ti at low tempera- 
ture in the FelO molecular magnetic ring. 1/Ti at low 
fields is dominated by the thermal fluctuations in the 
triplet excited state. At high magnetic fields we have 
reported a dramatic enhancement of the 1/Ti in corre- 
spondence to the critical fields for which the lowest ly- 
ing molecular energy levels become almost degenerate. 
The effect can be explained by a T-independent resonant 
cross-relaxation effect where thermal fiuctuations medi- 
ated by phonons do not seeem to play a role. Thus, the 
magnetic transitions between nearly degenerate A5=l 
states become possible, presumably because of the cou- 
pling with the nuclear spins |2^,|2l| . 

The most promising perspective open by these re- 
sults concern the possibility to study dynamical effects 
of quantum mechanical origin, that are expected in the 
vicinity of the level crossing conditions. Enhanced trans- 
fer of population between two levels is possible, through 
a mechanism of quantum tunneling. We have shown here 
that the dynamics of nearly degenerate molecular levels 
is coupled to the dynamics of nuclear spins. This has 
to be taken into account in future theoretical works on 
FelO, and at the same time the coupling between nu- 
clei and molecular levels makes such NMR experiments 
a privileged tool for detailed studies when large enough 
single crystals become available. 
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